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lack saprotrophic capability (1), CO 2 enhancement of AMF for N scavenging likely increases decomposition by stimulating (i.e., priming) saprotrophs in soil through three potential mechanisms. First, AMF likely grow preferentially toward (15) , and thus facilitate saprotrophs' access to, new organic patches (24) . Second, AMF slowly release labile C for saprotrophs at relatively low concentrations (3), likely engendering a larger priming effect on decomposition than roots ( fig. S7 ) (25) (26) (27) . And third, rapid removal of newly released NH 4 + by AMF likely releases saprotrophs from metabolic repression (28) .
Our findings indicate that CO 2 enhancement of AMF may alter terrestrial ecosystem C dynamics by stimulating decomposition of soil organic C in AMF-active zones. This effect will likely occur in its interplay with other controlling factors such as temperature and plant species composition (29) . In many agro-or grassland ecosystems where AMF dominate (1), but no aboveground C pool with an annual incremental increase exists, CO 2 stimulation of AMF and organic C decomposition will mainly facilitate C turnover belowground, rather than ecosystem C sequestration (30) . Even in forests with abundant AMF (e.g., tropical forests) (1), eCO 2 stimulation of AMF, although creating a transient C sink in plant biomass by facilitating N transfer from soil to plants and partially alleviating N limitation on plants (31) , is likely to reduce the largest carbon stocks (soil C) in the system. Also, our results suggest that the form, rather than just the total amount, of soil N might play a major role in mediating belowground C turnover and plant N acquisition under eCO 2 , thus offering a theoretical foundation for management of microbial N transformations in soil and plant N utilization to facilitate ecosystem C sequestration under future CO 2 scenarios.
The helical coiling of plant tendrils has fascinated scientists for centuries, yet the underlying mechanism remains elusive. Moreover, despite Darwin's widely accepted interpretation of coiled tendrils as soft springs, their mechanical behavior remains unknown. Our experiments on cucumber tendrils demonstrate that tendril coiling occurs via asymmetric contraction of an internal fiber ribbon of specialized cells. Under tension, both extracted fiber ribbons and old tendrils exhibit twistless overwinding rather than unwinding, with an initially soft response followed by strong strain-stiffening at large extensions. We explain this behavior using physical models of prestrained rubber strips, geometric arguments, and mathematical models of elastic filaments. Collectively, our study illuminates the origin of tendril coiling, quantifies Darwin's original proposal, and suggests designs for biomimetic twistless springs with tunable mechanical responses.
T he transformation of a straight plant tendril into a helically coiled shape has inspired numerous studies since the 1800s (1-8), both from mechanistic and functional perspectives. Tendrils serve climbing plants by providing a parasitic alternative to building independently stable structural supports, allowing the plant to wend its way to sunlight and numerous ecological niches (9) . During climbing, an initially straight tendril first finds and attaches to a support ( fig. S1 and movie S1). Once tethered, the tendril coils by forming two oppositely handed helices connected by a "perversion" (Fig. 1, A and B) , which was recognized by Darwin as a topological necessity given the clamped boundary conditions at each end of the tendril (3). This helical coiling axially shortens the tendril, hoisting the plant toward the attachment point ( fig. S1 and movie S1).
Despite the long history of studying tendrils, the basic mechanism of tendril coiling has remained elusive. Historically, experimental studies of diverse tissues [reaction wood (10) , hypocotyls (11) , twining stems (12, 13) , and leaves (14) ] have addressed aspects of curvature generation, whereas theoretical treatments have incorporated intrinsic curvature or differential growth without addressing its origin or mechanical consequences (6, 15, 16) . Recent studies of tendril anatomy (17, 18) have provided a new twist by revealing an interior layer of specialized cells similar to the stiff, lignified gelatinous fiber (g-fiber) cells found in reaction wood (19) . These cells provide structural support in reaction wood via tissue morphosis driven by cell-wall lignification, water flux, and oriented stiff cellulose microfibrils. The presence of a similar ribbon-like strip of g-fiber cells in tendrils suggests that the coiling of the soft tendril tissue may be driven by the shaping of this stiff, internal "fiber ribbon" (18) .
We investigated the role of the fiber ribbon during tendril coiling in both Cucumis sativus (cucumber) and Echinocystis lobata (wild cucumber) (20) . The g-fiber cells, identified in wild cucumber by using xylan antibodies in (18) , are easily distinguished as a band of morphologically differentiated cells consistently positioned along the inner side of the helical tendril that lignify during coiling (17, 18) . In straight tendrils that have not yet attached to a support (Fig. 1A) , a faint band of immature g-fiber cells is barely visible by using darkfield microscopy ( Fig. 1B) , with no ultraviolet (UV) illumination signature, indicating the absence of lignification (Fig. 1C) . In coiled tendrils (Fig. 1D ), g-fiber cells are clearly visible ( Fig. 1E ) and lignified (Fig. 1F) . The fiber ribbon consists of two cell layers, with the ventral layer on the inside of the helix showing increased lignification relative to the dorsal outer layer (Fig. 1 , G and H), which is consistent with earlier observations of increased lignification on the stimulated side of the tendril (17, 18) . When a fiber ribbon is extracted from the coiled tendril by using fungal carbohydrolases [Driselase (Sigma-Aldrich, St. Louis, MO)] to break down the nonlignified epidermal tendril tissue (20) , it retains the helical morphology of a coiled tendril, and furthermore, lengthwise cuts do not change its shape (Fig. 1I  and fig. S2 ).
These observations suggest that tendril coiling occurs via asymmetric contraction of the fiber ribbon; the ventral side shrinks longitudinally relative to the dorsal side, giving the fiber ribbon its intrinsic curvature. The asymmetric contraction may be generated by a variety of dorsiventral asymmetries, including the observed differential lignification (Fig. 1H) , variations in cellulose microfibril orientation as in reaction wood, or differential water affinities. For example, because lignin is hydrophobic the ventral cells may expel more water during lignification, driving increased cell contraction. This would be consistent with observations of extracted fiber ribbons that passively shrink and coil even further when dried but regain their original shape when rehydrated (movie S2). Dehydrated tendrils also exhibit this behavior because they are dominated by the stiff fiber ribbon (movie S3). Together, these facts suggest that the biophysical mechanism for tendril coiling is provided by the asymmetric contraction of the stiff fiber ribbon, whose resulting curvature is imposed on the surrounding soft tendril tissue. The perversions in a doubly supported tendril follow naturally from the topological constraint imposed by the prevention of twist at its ends.
To better understand the origin of curvature in fiber ribbons, we reconstituted the underlying mechanism using a physical model composed of two bonded, differentially prestrained silicone rubber sheets, similar to rubber models for shaping sheets (21) (22) (23) . The first silicone sheet was uniaxially stretched, and an equally thick layer of silicone sealant was spread onto the stretched sheet. After the sealant was fully cured, thin strips were cut along the prestrained direction, yielding bilayer ribbons ( Fig. 2A ) with intrinsic curvature set by the relative prestrain, thickness, and stiffness of the two layers ( fig. S3) (20) . Like fiber ribbons, the initially straight physical models spontaneously form coiled configurations with two opposite-handed helices connected by a helical perversion ( Fig. 2A, left) .
However, there is an unexpected difference in mechanical behavior between the physical models and tendril fiber ribbons. When clamped at both ends and pulled axially, the physical model simply unwinds to its original uncoiled state ( Fig.  2A and movie S4) . In contrast, in fiber ribbons we observed a counterintuitive "overwinding" behavior in which the ribbon coils even further when pulled, adding turns on both sides of the perversion (Fig. 2A, right, and movie S5) . Eventually though, under high enough tension the fiber ribbon unwinds, returning to a flat, uncoiled state as expected (movie S5).
Inspired by our observations of asymmetric lignification in fiber ribbons, which suggest that the inner layer is less extensible, we added a relatively inextensible fabric ribbon to the inside of a coiled physical model. To mimic lignified cells that resist compression, we added an incompressible copper wire to the exterior of the helix. The internal fabric ribbon prevents elongation, whereas the external copper wire prevents contraction. Together, these modifications increase
Fig. 3. Mechanical consequences of overwinding. (A and B)
Force extension curves for one young tendril that does not overwind (red curves) and one old tendril that exhibits substantial overwinding (blue curves). Each tendril was separated into a segment containing the helical perversion (dotted curves indicate perverted) and a segment with no perversion (solid curves indicate clamped). The dimensionless force F ∼ is plotted against the scaled displacement ∆l of the helical perversion. For B < C, the perversion always decreases the force needed to axially extend the filament; for B > C, the perversion initially decreases the force needed but eventually increases this necessary force at higher extensions. (Inset) ∆f is plotted against ∆l for direct comparison with the experimental data. www.sciencemag.org SCIENCE VOL 337 31 AUGUST 2012 the model's effective bending stiffness relative to its twisting stiffness, fixing its intrinsic helix curvature while still allowing twist about its centerline (20) . The modified model exhibited substantial overwinding ( Fig. 2C and movie S6 ). Indeed, a single helix with infinite bending stiffness and fixed curvature cannot extend without its ends rotating. However, if one end may rotate, additional axial length can be accommodated by changing both pitch and radius to maintain constant curvature, resulting in additional helical turns (20) . The perversion connecting helices of opposite handedness allows rotation and enables the addition of helical turns. By overwinding, each helix can thus geometrically accommodate axial extension without varying its curvature ( fig. S4 ).
Of course, real tendril fiber ribbons have finite stretching and bending stiffness, and eventually at sufficiently high tensions, the helices unwind. To study overwinding in a fiber ribbon with finite bending and twisting stiffness, we modeled it mathematically as a filament composed of two equal-length, elastic helices of opposite handedness but identical intrinsic curvature k 0 and torsion w 0 , and uniform bending stiffness B and twisting stiffness C, connected by a single helical perversion (Fig. 2D, left) . When the filament, initially at equilibrium, is pulled apart at its clamped ends, deviations from equilibrium values of curvature and twist lead to variations in the filament's total energy (20) . Minimizing the energy of the extended filament numerically (20) , we determined the filament shape and position as a function of the applied tension (Fig.  2D, right) . When B/C < 1, the filament unwinds on extension, but when B/C > 1, the filament overwinds ( Fig. 2D and movies S7 and S8) , and the number of additional turns ∆N increases with increasing B/C (Fig. 2E) (24) . For comparison, for a helical spring with a circular cross-section made of an isotropic material, B/C = 1 + n, with Poisson ratio n normally in the range 0 < n ≲ 0.5 so that typical springs exhibit minimal overwinding.
The observation of overwinding in fiber ribbons naturally leads to the question of whether entire tendrils also overwind. Whereas both young and old fiber ribbons always overwind, recently coiled, fully hydrated tendrils ("young" tendrils) do not overwind, but mature, dry tendrils ("old" tendrils) exhibit substantial overwinding (Fig. 2F and movies S9 and S10), and intermediate tendrils were variable in their overwinding behavior. The overwinding observed in old tendrils is likely due to the fact that as the tendril dries, the epidermal cells lose volume, and the tendril flattens down to a ribbon like shape similar to the internal fiber ribbon, so that B/C > 1.
To investigate the mechanical and functional consequences of overwinding, we measured the force required to axially stretch tendrils using a custom force measurement setup (20) . Forceextension curves measured for a total of 20 tendrils show a variety of mechanical responses; in Fig. 3 , we plot the dimensionless force F ∼ against the scaled displacement ∆l (detailed definitions of ∆l and F ∼ are in the supplementary text) for the two most extreme cases, a young tendril (red) and an old tendril (blue). For each, we show the results for a segment containing the perversion ( Fig. 3 ; dotted curves indicate "perverted"), and another for a segment without it ( Fig. 3 ; solid curves indicate "clamped"). In the young tendril, the perverted segment is always softer than the clamped segment (Fig. 3A) . In contrast, the perverted segment of the old tendril is initially softer than the clamped segment but becomes stiffer at large extensions. Plotting the difference ∆f = f(perverted) − f(clamped), where the scaled force f is obtained by dividing each force curve by its own initial slope (Fig. 3B) , we see that for the young tendril in which no overwinding occurs, ∆f is always negative, indicating that the perversion consistently decreases the force necessary to stretch the tendril relative to the clamped case. However, in the old, overwinding tendril the perversion actually increases the force needed to stretch the tendril as ∆l increases.
To quantify the behaviors bounded by these two extreme tendril measurements, we also calculated force-extension curves using our mathematical models. The dimensionless force-extension curves for filaments with B/C = 1/5 (red), 1 (green), and 5 (blue) are shown in Fig. 3C . Similar to the behavior of the young tendril, in the filament with B/C = 1/5 (no overwinding), the presence of the perversion decreases the stiffness of the system-the force needed to axially extend the filament. However, the force response qualitatively changes when B/C ≳ 3, and the filament exhibits substantial overwinding. As in the old tendril, initially the perversion decreases the force needed to stretch the filament, but at large extensions, the perversion actually increases the force needed; the differential stiffness of the system is non-monotonic. Indeed, we observed that
always negative for filaments with B < C, whereas in overwinding filaments with large B/C values, ∆F ∼ transitions to positive values at large extensions (Fig. 3D) . Thus, in overwinding filaments a helical perversion initially softens the force response but eventually stiffens the filament relative to the clamped case, which is a behavior qualitatively different from earlier theoretical studies (6, 16) , in which overwinding was not observed in the range of B/C values studied. The difference in scaled force ∆ f shown in the Fig. 3D inset is consistent with experimental observations (Fig.  3B) , indicating that the unusual force-extension behavior shown in Fig. 3D explains the extremes observed in the two tendrils. Collectively, our observations raise questions at an evolutionary level about the ubiquity of this mechanism in other tendril-bearing species and at a mechanical level about the functional principles of these soft twistless springs. Preliminary studies of Passiflora tendrils reveal a band of g-fibers, suggesting a similar coiling mechanism (fig. S5); however, both young and old coiled Passiflora tendrils exhibit overwinding ( fig. S5 and movie S11). Although Cucurbitaceae and Passifloraceae are from the same phylogenetic clade, their tendrils have evolved independently (25) , inviting future comparative studies between species as well as investigations of subcellular processes regulating asymmetric contraction. Functionally, the combination of mechanical asymmetry, helical perversions, and large ratios of bending to twisting stiffness creates an autoadaptive springy tendril, one that is initially soft because it can overwind and then stiffens strongly when deformed further. Darwin himself wrote that "the tendril strikes some object, and quickly curls round ... contracts into a spire, dragging up the stem, and forming an excellent spring" (3). Our study illuminates and quantifies this proposal biophysically while suggesting biomimetic variants of the humble helical spring.
